The insertion of m ost helical plasma mem brane proteins occurs cotranslationally, w hereby protein synthesis and integration into the m em brane are coupled . For the integration of ind ivid ual TM sequences into th e m em brane, it is expected that TM segm ents w ill pread opt a helical state 3; 4 , d ue to the significant free-energy penalty of em bed d ing an exposed polypeptid e backbone into the hyd rophobic membrane core 5 . Sim ilarly, the form ation of inter-helical hyd rogen bond s facilitates the integration of polar resid ues present in ad jacent TM regions. Then, there is no d oubt that hyd rogen bond interactions can play key roles in helical hairpin stabilization.
While many stu d ies ad d ressing the form ation of helical hairpins in membranes have been carried out on mod el hyd rophobic TM segm ents 6; 7; 8; 9 , naturally occurring helical hairpins are not alw ays highly hyd rophobic 10 and the role of helix-helix interactions and turn -propensities of the resid ues interconnecting the tw o helices in their fold ing and stability are poorly und erstood . We previously show ed that p oliovirus (PV) 2B, which is a small protein involved in PV virulence, is a d ou ble-spanning integral membrane protein, in w hich the tw o TM segm ents are interconnected by a short turn form ing a putative helical hairpin 11 . As a first step toward s und erstand ing its biogenesis, w e d em onstrated that in vitro PV 2B integrates into the end oplasm ic reticulu m (ER) mem brane through the translocon 11 . 
Results

Insertion of the viroporin 2B hairpin region into biological membranes
We have recently show n that in vitro PV 2B prod uct inserts into the ER membrane as a d ouble-spanning integral membrane protein w ith an N -/ Cterm inal cytoplasm ic orientation 11 . Such topology is attained upon insertion of a helical hairpin w hose constituent TM helices are m arginally hyd rophobic (Fig. 1A) . In vitro synthesis of several truncated protein versions ind eed put forw ard that the tw o hyd rophobic regions cooperate to insert into the ERderived microsomal membranes. H ere, w e explore the structural ground s for such effect.
As in our previous stud y of m em brane insertion of the PV 2B 11 , we used a w ell-characterized in vitro experimental system based on glycosylation 12 that accurately reports the integration of TM regions into microsom al m em branes. Upon insertion, the oligosaccharyl transferase (OST) enzym e m od ifies the protein of interest. OST ad d s sugar molecules to a N X(S/ T) consensu s sequence 13 , with X being any amino acid except proline 14 , after the protein emerges from the translocon channel. Glycosylation of a protein region synthesized in vitro in the presence of m icrosom al m em branes therefore ind icates the exposure of this region to the OST active site on the lum inal sid e of the ER m em brane. When assayed ind epend ently, the tw o hyd rophobic regions of the PV 2B d id not sp an the ER-derived membranes 11 , as expected accord ing to the pred icted apparent free energy of insertion (Fig.   1A ). It has been show n previously that in som e cases, a neighboring TM helix can promote m em brane insertion of a m arginally hyd rophobic TM region 15; 16; 9 17; 18 and that there is a correlation betw een the polarity of a TM helix and its interaction area w ith the rest of the protein 19 . Therefore, w e investigated the insertion of the full -helical hairpin region (resid ues 35-81) in this in vitro translation system .
In our first experim ental set-up, the helical hairpin region w as introd uced into the "host" protein lead er peptid ase (Lep) ( It should be noted that the G2 acceptor site is located too close to the Cterm inal region of the -helical hairpin (see Materials and Method s) to be efficiently glycosylated (Fig. 1B) , since as previously d em onstrated , for efficient glycosylation the acceptor site should be located aw ay from the m em brane interface 20; 21 . To facilitate the interpretation of these experim ental results it is important to mention that short interconnecting turns like the one present in the 2B -helical hairpin are poor substrates for proteinase K digestion 22 . Then, the presence of a significant proportion of singlyglycosylated m olecules is ind icative of a hairpin insertion.
N ext, w e tested the 2B hairpin arranged accord ing to its pred icted topology 11 using a d ifferent set-up (Fig. 1C) . In the Lep -derived construct 
Effects on helical hairpin formation of a single Asp residue in the second hydrophobic region
A phylogenetic analysis of picornavirus 2B proteins has highlighted the presence of cationic resid ues in the first hyd rophobic -helix, and in the case of several genus the existence of an aspartic acid resid ue w ithin the second hyd rophobic segm ent 23 .
In our attem pts to id entify possible helix-helix interactions that stabilize hairpin form ation w e focused first on the aspartic resid ue m entioned above since this appeared to be a likely cand id ate to prom ote electrostatic interactions betw een the TM helices. Becau se N -glycosylation acceptor sites are absent from the PV 2B sequence, w e ad d ed a C-terminal glycosylation tag that has been proven to be efficiently m od ified 24 , and synthesized the first 76 resid ues of the PV 2B (76-m er), w hich contained the native aspartic resid ue (Asp74) ( Fig 
Position-specific effects on helical hairpin formation by Lys-Asp pairs
We next focused on the positively charged resid ues present in t he first hyd rophobic region of the PV 2B sequence (resid ues 35-55, Fig. 1A ). The protein sequence in this region contains three lysine resid ues Lys39, Lys42
and Lys46. To find out w hich of these resid ues w ould be involved in electrostatic interactions w ith Asp74 w e generated possible structural m od els using the Rosetta membrane protocol 25 . These m od els clearly pred icted a preference for Lys46 and Lys42 to interact w ith Asp74. Am ong the five largest structural clusters obtained , as com pared to Lys39, interactions of Lys42 and (Fig. 4A, lanes 3 and 4) . Thu s, hairpin capacity for inserting into the ER m em brane w as alm ost unaffected by sw apping charges betw een helices, w hich und erscores the involvem ent of these resid ues in inter-helical electrostatic interactions.
The sam e set of constructs was u sed to test Lys46 involvem ent in these electrostatic interactions (Fig. 4B) . In this set of experim ents a sim ilar effect 
Influence of turn-residues on hairpin stabilization
N ext w e focused on the turn betw een the tw o TM segm ents as an ad ditional source of stability of the helical hairpin m otif. To investigate the role of the resid ues interconnecting both 2B TM segments w e p erform ed an alaninescanning mutagenesis approach w ith the full-length Ct-tagged 2B protein.
Alanine w as u sed because it carries a non -bulky and chemically inert sid e chain, and m ore im portantly, because it has a very low turn -prom oting effect 26 . Thus, w e ind ivid ually replaced resid ues 56 to 60 w ith alanine. The results of these experim ents are show n in 
D iscussion
Helical hairpins appear to be extremely common in multi-spanning integral m em brane proteins, and is thus an essential structural m otif to our und erstand ing of m em brane protein fold ing and topology. In these structural m otifs, the insertion of a polypeptid e segm ent containing polar am ino acid s can be facilitated by the insertion of a closely spaced m ore hyd rophobic region 27 . Then, the m em brane-buried polar groups are saturated w ith internal hyd rogen bond s and salt brid ges, and non -p olar sid e chains are preferentially conserved charged resid ues 23 . Ind ivid ual integration of th ese sequences in a m od el protein construct (Lep) proved to be inefficient 11 . H ow ever, the glycosylation pattern found in this system w hen both regions w ere expressed in-block (includ ing their native turn region) suggests that the helical hairpin com ponents cooperate to facilitate their insertion into the m em brane (Fig. 1) .
We show here that a central com ponent for the stabilization of the helical hairpin is the charged resid ues found in the TM regions. Structure pred ictions placed lysine resid ues 42 and 46 in the first TM segm ent and Asp74 in the second TM segm ent at optim um positions to stabilize the helical hairpin conform ation by inter-helical hyd rogen bonding (Fig. 3) . Experim entally, w e found that the negatively charged resid ue (Asp74) appears to be relevant for hairpin integration (Fig. 2) . Furtherm ore, Lys42 and Lys46 have an im pact on hairpin integration of both truncated (Fig. 4) and full-length proteins (Fig. 5) .
In all these cases, su bstitutions of the lysine resid ues by aspartic acid resid ues Full-length 2B DN A w as am plified from 2B/ P2 plasm id using a reverse primer w ith an optimized Ct glycosylation tag 24 and a stop cod on at the end of the 2B sequence (2B-derived expressions). Truncated 2B DN A w as am plified by PCR from 2B/ P2 plasm id using reverse prim ers w ith a n optimized Ct glycosylation tag and a stop cod on at the end annealing at specific position to obtain the d esired polypeptid e length (76 resid ues). The transcription of the DN A d erived from pGEM1 plasm id w as d one as previously 46 . Briefly, the transcription m ixture w as incubated at 37ºC for 2 h.
The m RN As w ere purified using a Qiagen RN easy clean up kit and verified on a 1% agarose gel. 
In vitro translation of in vitro
